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Abstract

The purpose of this study was to experimentally investigate the heat transfer and pressure drop
characteristics in a smooth circular tube with alternating clockwise and counter clockwise twisted
tape (CCCTT) inserts. The CCCTT inserts were fabricated from copper plate strips with a length,
width and thickness of 450 mm, 18 mm and 1 mm respectively. The strips were twisted to obtain
a twist ratio of 5 and 12 strips were joined longitudinally so that a clockwise direction twisted tape
insert was connected to a counter clockwise direction twisted tape. The assembling was at
connection angles of 0°, 30° and 60°, to form CCCTT inserts with an overall length of 5.27 m.
The CCCTT inserts were placed in a smooth circular copper tube with an inner diameter of 19 mm.
Water was used as the test fluid and experiments were conducted at constant heat fluxes of 1.35,
2, 3 and 4 kW/m? between Reynolds numbers of 300 and 11 404. This covered the laminar,
transitional and turbulent flow regimes. Specific attention was given to the identification of the
transitional flow regime with the CCCTT inserts and the influence of the connection angle and
heat flux on the transitional flow regime. It was found that both the start and the end of the
transitional flow regime were influenced by the connection angle and the heat flux. When different
connection angles were compared it was found that an increase in connection angle enhanced the
heat transfer in the transitional flow regime. An increase in heat flux significantly enhanced the
heat transfer in the laminar flow regime and delayed transition. Heat transfer and pressure drop
correlations were developed to predict the experimental data in the laminar, transitional and

turbulent regimes as a function Reynolds number, modified Grashof number and connection angle.
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Highlights

e Heat transfer and pressure drop in the transitional flow regime

e Experiments with clockwise and counter clockwise twisted tape inserts
e Tape connection angle enhanced heat transfer

e Start and end of transition depended on connection angle and heat flux

e Earlier transition with increased connection angle and decreased heat flux



Nomenclature

Q0

=
*

N S~

ch N

SYNERe®

reek symbol

ST IO REO™IA T R

Subscripts
b

C
cr

NI

area

specific heat capacity at constant pressure
test section diameter

energy balance error

friction factor

acceleration due to gravity

modified Grashof number

heat transfer coefficient

pitch of the twisted tape; axial distance for a 180° rotation in twist
current

Colburn j-factor

thermal conductivity of the fluid
length/laminar flow regime

pressure drop length

mass flow rate

Nusselt number

pressure

Prandtl number

heat flux

heat transfer rate

Reynolds number

width of the transitional flow regime
temperature

voltage

tape width

axial position measured from tube inlet
twist ratio (H/W)

thermal expansion coefficient
thickness of the twisted tape insert
dynamic viscosity

density

connection angle

kinematic viscosity

bulk

cross-sectional

start of transitional flow regime
exit, electrical

heated length

inlet, inner

laminar

mean

pressure



qt end of transitional flow regime

R transition

s surface

T turbulent

Abbreviations

CTT conventional twisted tape
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1. Introduction

The growing concerns for energy as a grand challenge has increased the need to improve the heat
transfer performance of heat exchangers which are widely used in the residential-, commercial-
and manufacturing sectors. Many heat transfer improvements are achieved by either active or
passive techniques, or both [1-3]. Active techniques such as vibration of a fluid or surface,
mechanical aids, jet impingement, electrostatic field, etc. require additional sources of external
power [4]. Passive techniques, on the other hand, do not require external power. These techniques
are usually more energy efficient and are easy to fabricate at low costs [5]. A well-known passive
technique is the insertion of one or a combination of flow turbulators into a tube/channel passage.
These turbulators include coatings and/or roughness on the inner surface of the tube/channel
passage, wire and helical coil inserts, corrugated tubes [6-9], outer grooved cylinder and inner
rotating cylinder [10, 11], helical and eccentric helical screw tape inserts [12-14], twisted tape

inserts of different modifications [15-25], etc.

The twisted tape insert as a flow turbulator has been found in many cases to increase heat transfer
performance [26-28], particularly at lower Reynolds numbers. In literature, twisted tape inserts
have been modified to improve heat transfer and thermal efficiency compared to smooth tubes.
The advantages of using a twisted tape insert over a smooth tube include a higher heat transfer
rate, improved mixing of the test fluid across the cross-section of the tube [16, 29, 30] and a thinner
boundary layer thickness [31, 32]. However, the use of twisted tape inserts is accompanied with
higher pressure drop [33, 34], which led to increased research investigations to improve the
thermal efficiency of heat exchangers. In an attempt to reduce the pressure drop, experiments have

also been conducted using shorter lengths of twisted tape inserts [35-37].



A comprehensive literature review on twisted tape inserts indicated that previous studies
concentrated mainly on the laminar flow regime for Reynolds numbers between 13 and 3 000 [2,
5, 15, 37-45] or the turbulent flow regime for Reynolds numbers greater than 3 000 [4, 29, 33, 46-
51] and not specifically on the transitional flow regime [52-55]. Up to now, only Wongcharee and
Eiamsa-ard [15] (in the laminar flow regime) and Eiamsa-ard and Promvonge [4] (in the turbulent
flow regime), considered alternating clockwise and counter clockwise twisted tape (CCCTT)

Inserts.

In general, the insertion of twisted tapes in heat exchangers provides an opportunity to achieve
heat transfer augmentation [43, 47]. As the transitional flow regime might be a good compromise
between the laminar (low heat transfer coefficients and pressure drops) and turbulent (high heat
transfer coefficients and pressure drops) flow regimes, more research should be conducted to
determine the influence of twisted tape inserts in the transitional flow regime [56]. Meyer and
Abolarin [57] were the first to specifically focus on the transitional flow regime using twisted tape
inserts. They considered conventional twisted tape (CTT) inserts, twisted in one direction only,
but at different twist ratios of 3, 4 and 5. A square-edged inlet was used and careful attention was
given to the inlet as previous works [58-62] indicated that the inlet geometry and inlet turbulence
levels can significantly influence the transition behaviour. Two different techniques to accurately
identify the transitional flow regime were presented. The first technique made use of three straight
lines (on a log-log scale) through the laminar, transitional and turbulent flow regimes. The two
Reynolds numbers at the intersection points were considered as the start and end of the transitional
flow regime. The second technique was to monitor the standard deviation of the temperature and
pressure drop data, because the standard deviations were higher in the transitional flow regime
than in the other flow regimes. It was found that the start and end of the transitional flow regime
could be accurately determined by using the two techniques complementary to each other. Both
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the start and the end of the transitional flow regime depended on the twist ratio and the heat flux
applied and occurred earlier compared to that of the smooth tube. The study of Meyer and Abolarin
[57] established the transitional flow regime with the simplest form of the twisted tape insert
(which was the CTT insert), therefore it was decided to conduct experiments with a modification
of the CTT insert. Therefore, the purpose of this study was to experimentally investigate the heat
transfer and pressure drop characteristics of CCCTT inserts in a smooth circular tube. Specific
attention was given to the identification of the transitional flow regime with the CCCTT inserts
and the influence of the connection angle and heat flux on the transitional flow regime. The tapes
had a twist ratio of y = 5 and were connected at connection angles of 8 = 0°, 30° and 60°. Because
the inlet geometry has an effect on transition, a square-edged inlet was used to complement the

previous work of Meyer and Abolarin [57].

2. Experimental set-up

The experimental set-up that was used to conduct the heat transfer and pressure drop experiments
has been described in detail by Meyer and Abolarin [57] and is therefore discussed very succinctly
in this paper. The major components of the experimental set-up are numbered from (1) to (14) in

Fig. 1.

The water in the 5 000 £ reservoir (1) was maintained at 20°C by connecting it to an external chiller
unit (2) with a cooling capacity of 15 kW. An electronically-controlled positive displacement
pump (3) was used to circulate the cold water. An accumulator (4) was installed after the pump to
reduce flow pulsations [63, 64]. After the accumulator followed a bypass valve (5) and two valves
in parallel, upstream of the two Coriolis flow meters (6). The Coriolis flow meter with a range of

4 — 108 ¢/h was used for the mass flow rate measurements in the laminar and transitional flow



regimes, while the Coriolis flow meter with a range of 54 —2 180 ¢/h was used for higher mass

flow rate measurements, mostly in the turbulent flow regime.

A calming section similar to the design of Ghajar and co-workers [59, 62] was installed upstream
of the test section. The functions of the calming section were to eliminate flow disturbances and
to ensure a uniform inlet velocity at the test section inlet. The calming section was made from a
stainless-steel tube with an inner diameter of 200 mm and consisted of three components: an inlet
mixer (7), the calming section (8) and the square-edged inlet (9). To prevent any possible
temperature gradients that could develop as the water flowed from the reservoir to the calming
section, the inlet mixer contained stainless-steel shavings that mixed the water. A Pt100 probe was
installed in the inlet mixer to measure the bulk inlet water temperature. The square-edged inlet was
obtained by connecting the test section (10) flush to the last flange of the calming section. Two
bleed valves, one immediately after the inlet mixer and another located before the straws, were

used to bleed out entrained air to avoid air bubbles entering the test section.

The test section (10) accommodated two sets of experiments. Firstly, for validation purposes,
smooth tube experiments without any twisted tape inserts were conducted and the heat transfer
and pressure drop results were compared with literature. The smooth tube had an inner diameter
and length of 19 mm and 5.27 m respectively. The second set of experiments was conducted with
the CCCTT inserts inside the smooth tube (Fig. 2). The CCCTT inserts had a thickness, §, of
1 mm, width, W, of 18 mm and a pitch, H, of 90 mm. The details of the manufacturing of the
twisted tapes are given in Meyer and Abolarin [57]. For this study, CCCTT inserts consisted of
copper plate strips with lengths of 450 mm and a twist ratio, y = H/W, of 5. This length ensured
five full twists of 180° (or 2.5 twists of 360°) of the tapes. The ends of 12 alternating strips were
soldered to each other to form one CCCTT insert. To obtain a total length of 5.27 m, which was

the length of the smooth copper test section, the 12% strip had a shorter length of 370 mm. Three
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CCCTT inserts were fabricated using different connection angles (6 = 0°, 30° and 60°). Fig. 3
contains both schematic diagrams and photographs of the CCCTT inserts for connection angles of

0° (Fig. 3(a) and (d)), 30° ((Fig. 3(b) and (e)) and 60° ((Fig. 3(c) and (f)) respectively.

A pressure transducer (11) was connected to two pressure taps, located at x =2.52 m and
x =4.97 m from the inlet of the test section. The distance between the two pressure taps, Lap, was
thus 2.45 m. Holes with a diameter of 1.6 mm were drilled through the pressure taps and test
section using a high-speed drill to prevent burr formations on the inside of the test section. Two
differential pressure transducers were used depending on the pressure drops measured. A 0.86 kPa
diaphragm was used for the smooth tube experiments, while for the twisted tape inserts, the
0.86 kPa diaphragm was used at lower mass flow rates and a 1.4 kPa diaphragm at higher mass

flow rates.

A total of 84 T-type thermocouples (0.25 mm diameter) were used to measure the surface
temperatures at 21 measuring stations along the test section (Fig. 2(a)). At each measuring station,
four thermocouples (Fig. 2(b)) were soldered at the angles of 0° (top), 90° (left), 180° (bottom)
and 270° (right). Care was taken to ensure that the top and bottom thermocouples corresponded to
the vertical plane, and the left and right thermocouples corresponded to the horizontal plane. The
measuring stations were spaced at 250 mm intervals with the first measuring station located
170 mm from the inlet of the test section (x/D; = 9) and the last measuring station located 5.17 m
from the inlet (x/D; = 272). The thermocouples were calibrated within an accuracy of 0.1°C using
a thermostat-controlled bath and calibrated Pt100 probes over a temperature range of 17 — 60°C.
Two constantan heating wires, with a thickness of 0.81 mm each, were tightly coiled around the
test section and connected in parallel to the power supply (12) to obtain a constant heat flux

boundary condition.



The exit mixer (13) was connected to the exit of the test section. It was fabricated from acetal and
had an inner diameter of 19 mm, an outer diameter of 50 mm and a length of 200 mm. Two copper
(twisted) mixer plates were placed inside the mixer to ensure that the water exiting the test section
was mixed to a uniform temperature. A Pt100 probe installed at the exit mixer was used to measure
the bulk exit water temperature. The Pt100 probes installed at the inlet and exit mixers were
calibrated to within 0.06°C in a thermostat-controlled bath against a digital thermometer with an
accuracy of 0.03°C. After the test section and exit mixer, the water was collected in the

reservoir (1) and then pumped to the chiller unit (2) to be cooled.

To minimuse heat losses to the surroundings, the inlet mixer, calming section, inlet section, test
section and exit mixer were insulated with a flexible, closed-cell, elastomeric nitrile rubber
material. The insulation had a low thermal conductivity of 0.037 W/mK and the overall thickness
was 144 mm. With this insulation thickness, the heat losses were estimated with one-dimensional
heat conduction resistance calculations to be less than 1% of the power input. A computerised data
acquisition system (14) was used to record all the mass flow rates, temperatures and pressure drop
measurements. The data streamed from this acquisition system was then used for the data

reduction.

3. Data reduction

The data reduction methodology followed was in general the same as in refs [57, 65-69]. A linear
increase in the mean water temperature within the test section was obtained, because a constant
heat flux boundary condition was applied to the test section. The mean water temperatures, 7u(x),
at each measuring station, x, on the test section were determined using the measured inlet water

temperatures, 7;, measured exit water temperatures, 7., and the measured heated length, L, of the
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test section. Eq. (1) therefore allowed for the determination of the water temperature at any

position, x, from the inlet where x = 0, to the exit where x = Le.

T, (x) =T, + [TEL_hTi]x (1)

The properties of water were determined at the measuring stations on the test section as a function
of the mean water temperature using the thermophysical correlations of water [70]. The properties
were densities, p(x), specific heat capacities, Cp(x), thermal conductivities, k(x), dynamic
viscosities, u(x), and Prandtl numbers, Pr(x). The local values were used for the heat transfer
results, while the bulk values (which would be the average between the two pressure taps) were
used for the pressure drop results. The bulk water temperatures, 75, were not calculated at the
centre of the tube, but at x = 3.77 m (Fig. 2(a)) which is at the centre of the two pressure taps, P;
and P>, where the flow was fully developed. Furthermore, the thermophysical properties of all the
bulk variables were determined at the bulk water temperature. The mean surface
temperatures, 7s(x), were determined as the average of the four thermocouples (Tiop, Trortom, Tiefi

and Tigns) at each measuring station on the test section (Fig. 2(b)).

The local Reynolds numbers, Re(x), at each measuring station were determined using the measured
mass flow rates, m, of the water that flowed through the test section, the measured inner diameter
of the test section, D;, the local dynamic viscosities, u(x), at each measuring station, and the cross-
sectional area, A. = nD/*/4, of the test section:

mD;

Re() = i

)

Everts and Meyer [66] defined the width of the transitional flow regime, ARe, as the difference

between the Reynolds numbers at which transition started, Re.-, and ended, Rey::
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ARe = Reg: — Re,, 3)
The heat transfer rates to the water, Q, were determined from the measured mass flow rates, 1,

the differences in measured temperatures between the exit, 7., and inlet, 7}, of the test section and

the bulk specific heat capacities, Cpy, as:

Q = mCpy[T, — T} 4)
It should be noted that the bulk specific heat capacity in Eq. (4) was calculated at the centre of the

tube.

The electrical power supplied, Q,, to the heating wires was determined using the sum of the
product of the currents, /1 and I», through each heating wire and the voltage drops across each
heating wire, AV1 and A)?, as:

Qe = IlAV1 + IZAVZ (5)
The heat transfer rates to the water, Q, were regularly monitored and compared with that of the

electrical power supplied, Q,, by calculating the energy balance error, eb, as:

eb=‘1—.g x 100 (6)
Qe
The heat fluxes, g, were determined as follows:
Q
. _ < 7
=7 (7)

where the inner surface area, 4;, was determined from the measured inner diameter, D; and
measured heated length, Ly, as A; =nD;L,. The heat fluxes, g, were determined using the heat
transfer rates to the water, Q, as this was considered to be more accurate. The reason is that the
electrical power supplied, Q,, to the test section was slightly higher than the heat transfer rate to

the water, Q, due to small heat losses that occurred from the heated test section to the environment.
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The heat transfer coefficients, A(x), at each measuring station were determined from the heat

fluxes, g, the mean surface temperatures, 7y(x), and the mean water temperatures, 7(x), as:

q
h(x) = 8
O = TG - TG0l ®
The Nusselt numbers, Nu(x), at each measuring station were determined as:
h(x)D;
Nu(x) = — ) 9
The Colburn j-factors, j(x), at each measuring station were determined as:
Nu(x)
i(x) = 10
J®) = 5 TP Re () (10)

The modified Grashof numbers, Gr*(x), which is a function of heat flux instead of temperature
difference, at each measuring station were determined as:

Gr(x) = 998 ()b}

k(0)[v(x)]? (1

where, the gravitational acceleration, g, was taken as 9.81 m/s?, and the kinematic viscosities, v(x),

were determined as the ratio of densities, p(x), to dynamic viscosities, u(x).

The friction factors, f, across the measured pressure drop length, Lap, between the two pressure

taps, were determined as:

_ APp,DPm?

12
812 Ly, (12)

Similar to the local parameters, the bulk Reynolds numbers and bulk modified Grashof numbers,

between the two pressure taps, were calculated using the bulk fluid properties in Egs. (2) and (11).
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4. Experimental procedure and test matrix

Experiments were conducted at 60 different mass flow rates to cover the transitional flow regime
as well as sufficient parts of the laminar and turbulent flow regimes. CCCTT insert with three
different connection angles (6 = 0°, 30° and 60°) were tested at four different heat fluxes of 1.35,
2, 3 and 4 kW/m?. This resulted in a total of 720 mass flow rates for the different combinations of
connection angles and heat fluxes.

After start-up, approximately three hours were permitted for the system to reach the initial steady-
state conditions. A steady-state condition was assumed once the standard deviations of the
measured mass flow rates, temperatures and pressures drops were constant for a period of
10 - 15 minutes. Once steady-state conditions were reached, a total of 400 data points of the
temperatures (inlet water temperatures, surface temperatures on the test section and exit water
temperatures), mass flow rates and pressure drops were logged and the currents and the voltage

drops were recorded. The average of the 400 data points was regarded as one measurement.

After a set of data was logged, the mass flow rate was decreased by approximately 1.7% to the
next Reynolds number. As the changes in the mass flow rates were small, steady-state conditions
between the Reynolds number decrements were obtained much faster than the initial steady state.
Approximately 10 — 15 minutes was required in the turbulent flow regime, 20 - 35 minutes was
required in the transitional flow regime, while 15 - 20 minutes was required in the laminar flow
regime. The energy balance errors (Eq. 6) during the experiments were continuously monitored
and varied from one flow regime to another. The energy balance error ranges were 3 — 5%, 2 —3%
and 2 — 4% in the laminar, transitional and turbulent flow regimes respectively. The maximum
error balance errors were found in the laminar flow regime where maximum surface temperatures

were obtained due to the small mass flow rates.
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5. Uncertainty analysis

The uncertainties were calculated as prescribed by Dunn [71] using a 95% confidence level. The
manufacturer specified accuracies (Table 1) were used to calculate the bias errors, while the
precision errors were determined from the standard deviation of the 400 data points taken at each
mass flow rate. Fig. 4 compares the local Reynolds number uncertainties (Fig. 4(a)), local Colburn
Jj-factor uncertainties (Fig. 4(b)) and friction factor uncertainties (Fig. 4(c)) of the CCCTT insert,
CTT insert at a twist ratio of 5 and a smooth tube, all at a heat flux of 4 kW/m?. This comparison
is done to explain the differences in the uncertainties especially in the transitional flow regime.
The uncertainties were plotted as a function of local Reynolds number, Re(x), in Figs. 4(a) and
4(b), but as a function of bulk Reynolds number in Fig. 4(c). The reason being that the heat transfer
values were local values while the friction factor values were the averages between the two
pressure taps in Fig. 2(a). Fig. 4 also identifies the data in the different flow regimes, as described
in Meyer and Abolarin [57]. The laminar data (“L”-values) is always to the left of the transition

(“ARe”-values), while the turbulent data would then be to the right of the transition data.

Fig. 4(a) shows that the Reynolds number uncertainties decreased as the mass flow rates (which
were directly proportional to the Reynolds number) increased. The discontinuity between points
“4” and “B” occurred because different Coriolis mass flow meters were used for the low and high
mass flow rate experiments. From point “B”, a Coriolis mass flow meter with a higher range was
used. However, all the uncertainties were low and varied between a maximum of 1.6% and a

minimum of 1%.

In the laminar flow regime, the Colburn j-factor uncertainties (Fig. 4(b)) of the smooth tube were
less than 4%; however, it increased to 31% in the transitional flow regime. The significant increase

was due to the increase in standard deviation of the 400 temperature measuring points compared
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with the laminar and turbulent flow regimes. For the CCCTT and CTT inserts, the laminar and
transitional uncertainties varied between 7.8% and 5.4%. The uncertainties of the two twisted tape
inserts in the transitional flow regimes were thus much lower than for a smooth tube, because the
inserts dampened the large fluctuations that are usually associated with the transitional flow
regime [66]. A general trend in the turbulent flow regime was that the uncertainties increased with
increasing Reynolds number. This was as expected because the temperature differences between
the wall and fluid decreased with increasing Reynolds numbers for constant heat flux applications.
However, all the uncertainties were less than 13% for the CCCTT inserts, and specifically in the

transitional flow regime, which was the focus of this study, it was less than 7%.

Fig. 4(c) compares the friction factor uncertainties of the CCCTT insert, CTT insert and smooth
tube. In all the flow regimes, the friction factor uncertainties decreased with increasing Reynolds
number. Because the mass flow rate meter was located upstream of the test section, the increased
friction factor uncertainties in the transitional flow regime, due to the mass flow rate fluctuations
in the smooth tube, were not visible. However, these fluctuations have been confirmed by Everts
and Meyer [66] who had a mass flow rate meter downstream of the test section. Furthermore, at
any Reynolds number, the smooth tube had the highest uncertainty as its pressure drops were much
lower than that of the tubes with the tape inserts. In the laminar flow regime, the maximum friction
factor uncertainty was 23% in the smooth tube, while it was approximately 18% for the CTT and
CCCTT inserts. In the transitional flow regime, the maximum uncertainties varied between 4.5%
and 6.5% for all three tubes. In the turbulent flow regime, the uncertainties for all three tubes were

less than 5%.
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6. Validation with literature

The Colburn j-factor and friction factor results in the smooth tube (without a twisted tape insert)
were compared with well-known and relevant smooth tube correlations in literature. The validation
results have been described in detail by Meyer and Abolarin [57]. In general, the results showed
that the laminar Colburn j-factors compared well with the correlation of Morcos and Bergles [72]
with an average deviation of 7%. In the turbulent flow regime, the Colburn j-factors correlated

well with the correlation of Ghajar and Tam [59] with a maximum deviation of less than 5%.

The laminar friction factors were compared with the correlations of Tam and Ghajar [62] and Test
[73] and had a maximum deviation of less than 5%. In the turbulent flow regime, the friction
factors were compared with the correlations of Blasius [74] and Allen and Eckert [75] and the

deviations were approximately 4%.

Furthermore, the turbulent Colburn j-factors and friction factors of the CCCTT inserts were
compared with the correlations of Eiamsa-ard and Promvonge [4] and the deviations were within
5% and 15% respectively. Although the deviation of the friction factors were significantly higher
than for the Colburn j-factors, it was still within the accuracy of the correlation, because the
correlation of Eiamsa-ard and Promvonge [4] was within 15% deviation from their experimental
data. This indicated that the experimental results in this study excellently agreed with literature

and as such the results presented in the Section 7 can be relied upon.

7. Results and discussion

For forced convection laminar flow (at a Reynolds number of 1 000 in a smooth tube) the flow
was expected to be fully developed at x/D;=0.12RePr = 840 [69] and for turbulent flow at

x/D; = 10. Although the test section considered was not a smooth tube this should at least give an
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order of magnitude estimate. However, similar to the results obtained by Meyer and Abolarin [57],
the local Nusselt numbers indicated that in all three flow regimes (laminar, transitional and
turbulent) the flow was developing at the first measuring station, x/D; =9, and fully developed
for x/D; > 22 when CCCTT inserts were used. The significant decrease in the laminar thermal
entrance length was due to the fluid rotation caused by the tape inserts as well as free convection
effects that led to mixed convection [69]. The heat transfer results could thus be presented in two
ways: either as the average between x/D; = 22 and x/D; = 272, or at a specific measuring station as
was used in the work of Ghajar and Tam [59, 60, 76]. Similar to Ghajar and Tam [59, 60, 76] and
Meyer and Abolarin [57], the results were presented at a specific measuring station, x/D; = 246.
Furthermore, due to the direct relationship between heat transfer and pressure drop that exists in

all flow regimes, the heat transfer results were investigated in terms of the Colburn j-factors [68].

The transitional flow regime, which was the main focus of this study, was identified using the
linear line method prescribed by Meyer and Abolarin [57]. As illustrated in Fig. 5, for a CCCTT
insert with a twist ratio of y = 5, connection angle of § = 60°, and heat flux of 1.35 kW/m?, this
method involved linear fits (on a log-log scale) of the data in the laminar, transitional and turbulent
flow regimes when the Colburn j-factors or friction factors were plotted as a function of Reynolds
number. The laminar flow regime was identified by the “L-L” line which excluded the data points
close to the critical Reynolds number. The transitional flow regime was marked by the “R-R” line
and the data points near the start and the end of the transitional flow regime were excluded in the
fitting of this line. The turbulent flow regime was identified by the “7-7"" line. The intersection of
the laminar “L-L” and transitional “R-R” curve fits indicated that transition started at a Reynolds
number of 529. Also, the intersection of the transitional “R-R” and turbulent “7-7 curve fits,
indicated that the transitional flow regime ended at a Reynolds number of 847.

7.1 Comparison of the CCCTT insert with PUCTT and CTT inserts
18



Fig. 6 compares the Colburn j-factors (Fig. 6(a)) and friction factors (Fig. 6(b)) as a function of
Reynolds number of the CCCTT insert (changing the flow direction every 450 mm) at a connection
angle of 60°, with a PUCTT22 insert (peripheral u-cuts) [77] with a depth ratio of 0.216 and CTT
insert that rotated the flow in only one direction. All the twisted tape inserts had a twist ratio of
y =5 and the experiments were conducted at a heat flux of 2 kW/m?. It should be noted that for
the Colburn j-factors, the lowest uncertainties occurred in the laminar flow regime where
temperature differences were high, while the lowest friction factor uncertainties were found in the
turbulent flow regime where pressure drops were higher. Therefore, in the laminar flow regime
the Colburn j-factor data is more accurate while the friction factor data is more accurate in the
turbulent flow regime. In cases where small differences occurred between the CCCTT, PUCTT22
and CTT inserts in the laminar flow regime (as in some cases in this paper); the Colburn j-factor
data are more representative of the real differences. For cases with small differences in the
turbulent flow regime, the friction factors are more representative of the real differences. This has

been shown by the heat transfer and pressure drop analogy work of Everts and Meyer [68].

Similar to the results reported in literature [40-42, 45, 46, 78, 79], the Colburn j-factors (Fig. 6(a))
indicate that there were very small differences in the results of the three twisted tapes in the laminar
flow regime. Therefore, changing the flow rotation direction or modifying the twisted tape inserts
were not effective heat transfer techniques in the laminar flow regime. In the turbulent flow regime,

the heat transfer enhancement varied between approximately 4% and 15%.

Significant heat transfer enhancement was also obtained in the transitional flow regime. At a
Reynolds number of 1 000, the Colburn j-factors of the CCCTT insert were approximately 30%
and 46% higher than those of the PUCTT22 insert and CTT insert respectively. Furthermore, the
transitional flow regime occurred significantly earlier (at lower Reynolds numbers) when a

CCCTT insert was used. The transitional flow regime started, Re.r, and ended, Re,:, at Reynolds
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numbers of 1 023 and 1 604 for the CTT insert, at 796 and 1 344 for the PUCTT22 insert and at
685 and 978 for the CCCTT insert. Similar results were obtained in the friction factor data in
Fig. 6(b). This can be expected as Everts and Meyer [68], determined that the Colburn analogy is
also valid in the transitional flow regime and that the start and end of transitional flow regime will
always occur at the same mass flow rate for heat transfer and pressure drop data. For the results in
this study (with heat transfer results as a function of local Reynolds numbers and friction factors
as a function of bulk Reynolds number), the Reynolds numbers for the start and end of transition
were not exactly the same. This is due to the different temperatures at which the fluid properties,

mainly the viscosities, were calculated.

No significant difference was found in the laminar friction factor data in Fig. 6(b). In the
transitional flow regime, it was found that at a Reynolds number of 1 000, the friction factors of
the CCCTT insert were approximately 24% higher than that of the CTT insert and 18% lower than
that of the PUCTT insert. Similar to the Colburn j-factors, the transitional flow regime started and
ended first for the CCCTT insert. For the CTT insert the start and end of transition were at
Reynolds numbers of 923 and 1 504, while 747 and 1298 for the PUCTT22 insert and for the

CCCTT insert they were at 637 and 932 respectively.

In the turbulent flow regime, the friction factors of the CCCTT insert were slightly higher than for
the CTT insert and significantly lower than the PUCTT22 insert. For instance, at Reynolds
numbers of 1540 and 5897, the friction factors of the CCCTT insert were 12% and 7%
respectively higher than those of the CTT insert, while they were 22% and 58% respectively lower
than those of the PUCTT22 insert. Because the CCCTT insert caused the flow path to change
rotation direction (from clockwise to counter clockwise) 12 times, the flow was continually

disturbed and the flow path length was increased. This led to the slight increase in friction factors
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compared with the CTT insert. The discontinuity at “C” in the Fig. 6(b) occurred because different

pressure transducer diaphragms were used due to the range limitations.

It can therefore be concluded that no enhancement occurred in the laminar and turbulent flow
regimes with a CCCTT insert compared with PUCTT and CTT inserts. However, significant heat
transfer enhancements were observed in the transitional flow regime and transition occurred earlier

when CCCTT inserts were used.

7.2 Connection angle

Fig. 7 compares the Colburn j-factors (Fig. 7(a)) and friction factors (Fig. 7(b)) as a function of
Reynolds number for different connection angles (6 = 0°, 30° and 60°) at a heat flux of 3 kW/m?.
Fig. 7(a) indicates that using different connection angles led to no heat transfer enhancement in
the laminar flow regime. In the turbulent flow regime at a Reynolds number of 2 000, an increase
of 13% and 23% compared to a connection angle of 0°, occurred for connection angles of 30° and
60° respectively. Similar enhancement trends occurred in the turbulent flow regime for the friction
factors in Fig. 7(b). Therefore, the increased disturbance caused by the connection angle enhanced
mixing inside the test section which led to increased heat transfer coefficients. However, this
enhancement decreased with increasing Reynolds numbers, because the effect of the disturbance

caused by the connection became less significant compared with the turbulent inertia of the fluid.

For the Colburn j-factors (Fig. 7(a)), the transition started and ended at Reynolds numbers of 997
and 1 308, 973 and 1 271, and 920 and 1 200 for the respective connection angles of 0°, 30° and
60°. The transitional flow regime was thus occurred earlier as the connection angle increased. At
a Reynolds number of 1 000, the Colburn j-factors were 0.0175, 0.0190 and 0.0219 respectively,

for connection angles of 0°, 30° and 60°. Thus, the Colburn j-factors also increased with
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connection angles andwere 25% higher for a connection angle of 60° than for a connection angle
of 0°. The Reynolds numbers at which the transitional flow regime started, Re.,, ended, Reg:, as
well as the width of the transitional flow regime, ARe [66], are summarised in Table 3. It should
be noted that the Colburn j-factor results and friction factor results were very similar and the same

conclusions can be made from both.

Table 3 indicates that, for all heat fluxes, the critical Reynolds number decreased with increasing
connection angle. This was due to the increased disturbance and swirl caused by the connection
angle, combined with the sudden change in flow direction, that disturbed the boundary layer. Table
3 also indicates that similar to the start of the transitional flow regime, the end of the transitional
flow regime, Rey, occurred earlier with increasing connection angle. Furthermore, as the
connection angle was increased from 0° to 60° the width of the transitional flow regime, ARe,

decreased from a Reynolds number range of 311 to 280.

It can therefore be concluded that an increase in connection angle caused a greater disturbance
inside the test section that not only enhanced the heat transfer in the transitional flow regime, but
also caused transition to occur earlier and the width of the transitional flow regime to decrease.

However, there were no significant enhancements in the laminar and turbulent flow regimes.

7.3 Heat flux

Fig. 8 compares the Colburn j-factors (Fig. 8(a)) and friction factors (Fig. 8(b)) as a function of
Reynolds number at different heat fluxes for a CCCTT insert with a connection angle of 8 = 30°.
This figure indicates that the increasing free convection effects due to the increased heat flux
caused the Colburn j-factors and friction factors in the laminar flow regime to increase [41, 44, 66,

68]. At a laminar Reynolds number of 500, the Colburn j-factor enhancement was 103% when the
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heat flux was increased from 1.35 kW/m? to 2 kW/m?. As expected, the heat flux did not affect the
results in the turbulent flow regime, because free convection effects were negligible compared

with the inertia forces[66].

The Colburn j-factors in Fig. 8(a) also indicate that the start, end and width of the transitional flow
regime were signifcanlty affected by free convection effects. At a heat flux of 1.35 kW/m?, the
transitional flow regime started and ended at Reynolds numbers of 563 and 894, respectively. As
the heat flux was increased to 4 kW/m?, both the start and end of transition were delayed to
Reynolds numbers of 1 184 and 1 465, respectively. Furthermore, the width of the transitional flow
regime, ARe, decreased from a Reynolds number range of 331 at a heat flux of 1.35 kW/m?, to 281
at a heat flux of 4 kW/m?. The same trends were found in the friction factor results (Fig. 8(b) and
Table 3), the results of the other connection angles, as well as previous studies [57, 59, 65-69].
Everts and Meyer [66] explained that although free convection effects caused the transitional flow
regime to occur at lower mass flow rates, the Reynolds numbers at which transition started and
ended increased. The gradient of the fluid temperature along the test section increased with
increasing heat flux, which led to decreasing viscosities and increased Reynolds numbers.
Furthermore, Everts and Meyer [65, 66, 68] also found that as free convection effects were
increased, a shorter tube length was required for the flow to transition from laminar to turbulent
along the tube length, which explains why the width of the transitional flow regime decreased with

increasing heat flux.

In general, it can therefore be concluded that an increase in heat flux significantly enhanced the
heat transfer in the laminar flow regime, delayed transition and decreased the width of the
transitional flow regime. However, an increase in heat flux had no significant effect in the turbulent

flow regime.
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7.4 Correlations

Three sets of correlations were developed to predict the experimental data of this study:
(1)Correlations to predict the start and the end of the transitional flow regime as a function of
connection angle (Fig. 9). (2) Correlations to predict the Colburn j-factors in the laminar,
transitional and turbulent flow regimes (Fig. 10). (3) Correlations to predict the friction factors in
the same three flow regimes. The ranges and performance of the different correlations are
summarised in Table 4. In Fig. 9, the filled markers represent the Colburn j-factor data, while the
empty markers represent the corresponding friction factor data. In Fig. 10, the filled black markers
represent the data at a heat flux of 1.35 kW/m?, while the empty red, blue and magenta markers
represent the results at heat fluxes of 2 kW/m?, 3 kW/m? and 4 kW/m? respectively. Furthermore,

the squares, circles and triangles represent the connection angles of 0°, 30° and 60°.

7.4.1 Start and end of the transitional flow regime

Figs. 7 and 8 indicated that the start and the end of the transitional flow regime were influenced
by connection angle, 8, and free convection effects (heat flux). To account for different connection
angles, a cosf-term was introduced, while the modified Grashof number, Gr*, was used to account
for free convection effects. The critical Reynolds numbers, Re.-, in Table 3 were divided by
[Gr*(x)]°*1% and cos® in Fig. 9(a). The exponent 0.416 was found through trial and error. A power
curve fit was done through the data points to obtain the following correlation to predict the start of

the transitional flow regime:

Re..(x) = 1.46[Gr*(x)]°*t®[cos0]*158 (13)
A similar approach was followed to determine the end of the transitional flow regime from the

results in Fig. 9(b):
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Rege(x) = 19.4[Gr*(x)]°27%[cosH]*1*3 (14)
The corresponding bulk Reynolds numbers for the start, Re.», and end, Reyn, of the transitional
flow regime in terms of the friction factors were obtained by replacing the Gr*(x) in Egs. (13) and
(14) with the bulk modified Grashof number, Gr*,. The ranges and performance of Egs. (13) and
(14) are summarised in Table 4. This table indicates that the start and end of transitional flow

regime of both the Colburn j-factor and friction factor results could be determined within 6%.

7.4.2 Colburn j-factors

The laminar Colburn j-factors decreased with increasing Reynolds number (Fig. 5) and increased
with increasing free convection effects (Fig. 8(a)), but were not significantly affected by the
connection angle (Fig. 7(a)). Therefore, the laminar Colburn j-factors were divided by [ Gr*(x)]*¢!
to account for free convection effects and the results were plotted as a function of Reynolds number
in Fig. 10(a). Again, the power of 0.61 was determined through trial and error. The following

laminar Colburn j-factor correlation was obtained through a power curve fit:

Ju () = 6.52[Re(x)]22°[Gr™ (x)]** (15)

Table 4 indicates that the average and maximum deviations were 3 and 12% respectively.

In the transitional flow regime, it was found that the Colburn j-factors were significantly influenced
by the Reynolds number (Fig. 5), connection angle (Fig. 7(a)), as well as the free convection effects
(Fig. 8(a)). Therefore, the following correlation was developed to predict the Colburn j-factors in

the transitional flow regime:

jr(x) = 2.37[Re(x)]7°337 [Gr*(x)] 70168 [cosh] ~0-356 (16)
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Table 4 indicates that Eq. (16) was able to predict all the Colburn j-factors in the transitional flow

regime with an average deviation of 3% and a maximum deviation of 13%.

Figs. 7(a) and 8(a) indicated that the turbulent Colburn j-factors were a function of Reynolds
number and connection angle, but not a function of modified Grashof number because free
convection effects were suppressed by the inertia forces of the fluid [66]. The turbulent Colburn j-

factor correlation was developed from the results in Fig. 10(c):

jr(x) = 1.57[Re(x)] %61 [cosH] 70102 (17)
Eq. (17) performed very well and was able to predict the experimental data with average deviation

of 2% and a maximum deviation of 13%.

7.4.3 Friction factors

Similarly, the following correlations were developed to predict the friction factors in the laminar,
transitional and turbulent flow regimes (friction factor figures corresponding to Fig. 10 were not

included in this paper as it looks similar):

fi = 10.6[Re, ] %84 [Gry 1014 [cosH] 0176 (18)
b

fr = 5.77[Re, | 72252 Gry ] 700815 [cosH] 0214 (19)
b

fr = 11.6[Re, ] %517 [c0s0] 0077 (20)

The ranges and performance of Egs. (18) — (20) are summarised in Table 4. This table indicates
all the correlations performed well and were able to predict the friction factors in the laminar,

transitional and turbulent flow regimes with average deviations of 5%, 2% and 1% respectively.
g g Y y
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8. Conclusions

The heat transfer and pressure drop characteristics of a smooth horizontal tube with CCCTT inserts
at different connection angles were experimentally investigated in the laminar, transitional and
turbulent flow regimes for different constant heat fluxes. The CCCTT inserts consisted of
clockwise and counter clockwise segments with a twist ratio of 5 and length of 450 mm. Therefore,
flow rotation was changed every 450 mm and the different segments were connected at connection
angles of 0°, 30° and 60°. Experiments were conducted at four different constant heat fluxes and

a total of 720 experimental data points was obtained in this study.

The comparison of the Colburn j-factor and friction factor results of the CCCTT insert with the
CTT and PUCTT inserts showed no enhancement in the laminar flow regime. In the transitional
flow regime significant heat transfer enhancements occurred and transition of the CCCTT occurred
earlier than with the PUCTT and CTT inserts. In the turbulent flow regime, the heat transfer
enhancements of the CCCTT insert were slightly better than that of the CTT insert.

When different connection angles were compared it was found that the increased disturbance
created by an increased connection angle enhanced mixing inside the test section, which led to
increased heat transfer. Furthermore, it also caused transition to occur at lower Reynolds numbers.
However, the connection angle had no significant effect in the laminar and turbulent flow regimes.
An increase in heat flux was found to enhance heat transfer in the laminar flow regime and delay
transition, however, the turbulent flow regime remained unaffected.

Correlations to predict the start and end of the transitional flow regime, as well as the Colburn j-
factors and friction factors in the laminar, transitional, and turbulent flow regimes, were developed.

These correlations were developed as a function of the Reynolds number, connection angle, and
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modified Grashof number, to account for different connection angles as well as free convection

effects where relevant.
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Fig. 9. Heat transfer and pressure drop results in terms of (a) Rec(x)/[ Gr*(x)]**!6 to obtain the start
of the transitional flow regime (Eq. 13) and (b) Rey(x)/[Gr*(x)]*?7> to obtain the end of the

transitional flow regime (Eq. 14) as a function of cos6.

Fig. 10. Heat transfer results as a function of Reynolds number to obtain Colburn j-factor
correlations in the (a) laminar flow regime (Eq. 15), (b) transitional flow regime (Eq. 16)

and (c) turbulent flow regime (Eq. 17) for different connection angles and heat fluxes.
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Table 1

Instrument Range Accuracy
Flow meters CMF 010 0—-108 ¢/h 0.054 ¢/h (0.05% of full scale)
CMF 025 0-2180¢h  1.09 ¢/h (0.05% of full scale)
Thermocouples <150 °C 0.1 °C
Pt100 probes 0-250°C 0.06 °C
Power supplies Current 0-15A 0.2% of maximum value
Voltage 0-360V 0.2% of maximum value
Pressure transducers | 0.86 kPa diaphragm 0—0.86 kPa ~ 2.15 Pa (0.25% of full scale)
1.4 kPa diaphragm 0 —1.4 kPa 3.5 Pa (0.25% of full scale)
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Table 2

Parameters Symbols Values

Outer diameter of test section D, 22.0 mm

Inner diameter of test section D; 19.0 mm

Heat transfer length L 4.8 m

Pressure drop length Lap 2.45m
Thickness of twisted tape inserts o I mm

Pitch of the twisted tape inserts H 90 mm

Length of twisted tape/test section L 527m

Width of twisted tape insert w 18 mm

Twist ratio y 5

Connection angles 0 0°, 30° and 60°
Prandtl numbers Pr 2.1-6.58
Heat fluxes q 1.35,2, 3 and 4 kW/m?
Reynolds number range for CCCTT Re 300 -6 675
Reynolds number range for the smooth tube | Re 1331-11 404
Inlet temperature of the test fluid T; 20°C
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Table 3:

Connection Symbols Heat flux, g [kW/m?]

angle, 0 1.35 2 3 4 1.35 2 3 4
Colburn j-factors, j Friction factors, f

0° | Reer 584 722 997 1212 553 675 923 1108
Rey 948 1055 1308 1502 917 1010 1237 1404

ARe 363 333 311 290 364 335 314 296
30° | Recr 563 705 973 1184 532 657 898 1 082
Rey 894 1008 1271 1465 864 962 1200 1368

ARe 331 303 298 281 332 305 302 286
60° | Recr 529 685 920 1173 498 637 844 1070
Rey 847 978 1200 1413 818 932 1127 1314

ARe 318 289 280 240 320 295 283 244
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Table 4:

Average
deviation

[“0]

Maximum
deviation
[%]

Range

Transitional flow
regime
boundaries

Rec,

Req,

(13)

(14)

1

0.1

6

533 <Re(x) <1173
1.47x10° < Gr¥*(x) < 1.13x10’
0°<0<60°

y=3

917 <Re(x) <1413
1.03x10% < Gr*(x) < 7.78x10°
0°<0<60°

y=3

Colburn j-factors

Laminar

Transitional

Turbulent

(15)

(16)

(17)

12

13

13

300 < Re(x) <1200
1.83x10° < Gr*(x) < 3.2x107
0°<6<60°

y=3

600 < Re(x) < 1 500
1.18x10° < Gr¥(x) < 1.2x10’
0°<6<60°

y=35

900 < Re(x) < 6 600

8x10° < Gr*(x) < 7.13x10°
0°<6<60°

y=35

Friction factors

Laminar

Transitional

Turbulent

(18)

(19)

(20)

54

17

10

300 < Rep <1200
1.52x108 < Gr*, <2.3x107
0°<0<60°

y=3

570 < Rep <1400
1.06x10% < Gr*, <9.26x10°
0°<0<60°

y=3

878 < Rep <6400
7.54x10° < Gr*, < 5.86x10°
0°<H8<60°

y=3



